Genetic alterations in the PIK3CA gene of the phosphoinositide 3-kinase (PI3K)/AKT pathway have been found in many human tumors, but they have not been explored in pituitary tumors. We undertook the present study to explore mutations and amplifications of the PIK3CA gene in pituitary tumors. DNA sequencing and real-time quantitative PCR were used to examine mutations and amplifications respectively, on genomic DNA samples isolated from 353 cases of pituitary tumors, and immunohistostaining was used to assess PIK3CA expression. About 8 out of 91 (9%) invasive pituitary tumors versus 0 out of 262 (0%) noninvasive tumors were found to harbor somatic mutations in exons 9 and 20 of the PIK3CA gene (P!0.001), and the mutation was associated with increased disease recurrence. Genomic PIK3CA amplifications (defined as R4 copies) were observed in both invasive and noninvasive tumors, with a prevalence of around 20-40% in various types of pituitary tumors. PIK3CA protein overexpression was observed in cases with high PIK3CA copy number. RAS mutations were also examined and found in 6 out of the 91 (7%) invasive tumors. PIK3CA amplifications were mutually exclusive with PIK3CA or RAS mutations (P!0.001). This study demonstrated for the first time relatively common PIK3CA mutations and amplifications as well as RAS mutations and their tendency of mutual exclusivity in pituitary tumors. The data provide strong genetic evidence supporting a role of the PI3K/AKT signaling pathway in the tumorigenesis of pituitary tumors, particularly the invasive types.
Introduction
The phosphoinositide 3-kinase (PI3K)/AKT signaling pathway regulates fundamental cellular process linked to tumorigenesis, including cell proliferation, adhesion, survival, motility, and spreading (Samuels & Ericson 2006) . PI3Ks are lipid kinases that increase intracellular pools of phosphatidylinositol 3,4,5-triphophate (PIP3) by phosphorylating its precursor, phosphatidylinositol 4, 5-bisphosphate (PIP2), a process antagonized by the lipid phosphatase PTEN that converts PIP3 back to PIP2. PIP3 serves as an anchor for pleckstrin homology domain-containing proteins that in turn contribute to the recruitment and activation of a wide range of downstream targets, including AKT (Karakas et al. 2006) . Class IA PI3Ks, existing as heterodimers of a p110 catalytic subunit and a p85 regulatory subunit, are widely expressed and most important in cellular function (Karakas et al. 2006 , Samuels & Ericson 2006 .
The PIK3CA gene, which encodes the catalytic subunit PIK3CA of class IA PI3K is located on chromosome 3q26.3 and consists of 20 exons. Many mutations of the PIK3CA gene were found to increase enzymatic activity of PIK3CA, activate the AKT signaling, and allow growth factor-independent growth, invasion, and metastasis of cancer cells , Kang et al. 2005 , Samuels & Ericson 2006 . Two PIK3CA mutational 'hotspots' were found in exons 9 and 20 and activating mutations in these regions were seen in many human cancers , Hayes et al. 2006 , Karakas et al. 2006 , Kozaki et al. 2006 , Phillips et al. 2006 , Qiu et al. 2008 , Santarpia et al. 2008 . Genetic amplification of the PIK3CA gene was also seen in many tumors, including ovarian cancer (Shayesteh et al. 1999) , cervical cancer (Ma et al. 2000) , brain tumors (Hui et al. 2001) , non-small cell lung cancer (Massion et al. 2002) , squamous cell carcinoma (Woenckhaus et al. 2002) , gastric carcinoma (Byun et al. 2003) , esophageal adenocarcinoma (Miller et al. 2003) , thyroid tumors (Wu et al. 2005) , oral squamous cell carcinoma (Kozaki et al. 2006) , head and neck squamous cell carcinoma , and anal squamous cell carcinoma (Patel et al. 2007) . Genetic amplifications of the PIK3CA gene were associated with increased PIK3CA expression, PI3K activity, and phosphorylation and activation of AKT (Shayesteh et al. 1999 , Ma et al. 2000 , Massion et al. 2002 , Byun et al. 2003 , Wu et al. 2005 , Kozaki et al. 2006 .
Pituitary tumors are common endocrine neoplastic diseases. Multiple tumor-promoting factors or signaling pathways are known to be involved, through interplay, in pituitary tumorigenesis and pathogenesis (Ezzat & Asa 2006) . The PI3K/AKT signaling pathway also seems to be involved in this process as the expression of PI3K was shown to be increased in pituitary tumors (Grossman & Korbonits 2004) . However, genetic alterations, which are the driving force for human tumorigenesis and pathogenesis, have in general been unknown in pituitary tumors. Given the frequent mutations and amplifications of the PIK3CA gene in many human tumors and given the poor understanding of the genetic basis of pituitary tumors, in the present study we were interested in investigating these genetic alterations in a large series of pituitary tumors.
Materials and methods

Human pituitary tissues and DNA isolation
Surgical samples were obtained from 353 patients with pituitary tumors, who underwent resection of their tumors at Huashan Hospital, Fudan University, Shanghai. The study was approved by the Ethics Committee of Huashan Hospital and informed consents were obtained from all patients for the collection and use of tissues for this study. The tumors were classified according to the Hardy's radiological classification scheme (Wilson 1984 
Laser-captured microdissection
Normal tissues adjacent to the margins of the tumor confirmed by the pathologist were microdissected to match the tumors positive for mutations. Whenever necessary, the paraffin-embedded tissues were microdissected to increase the proportion of tumor or normal cells. Formalin-fixed and paraffin-embedded pituitary tissues were subjected to Laser-captured microdissection with the Leica Microsystems Wetzlar GmbH (Germany) according to the manufacturer's protocols. Briefly, 5 mm thick serial sections were prepared from each sample. To avoid cross-contamination of samples, a new microtome blade (Leica) was used for each case. The area of the microtome around the blade was thoroughly cleaned with 70% (v/v) ethanol between samples (Kasai et al. 2000) . The sections were stained with hematoxylin and eosin (H&E). Each section was overlaid with a thermoplastic membrane and cells were captured by focal melting of the membrane by laser activation. Each of the captured samples contained about 100-150 tumor cells. DNA from laser microdissected tissue fractions was extracted and isolated with QIAamp DNA Micro Kit (Qiagen) following the manufacturer's instructions.
Mutation analysis of the PIK3CA gene
As the vast majority of PIK3CA gene mutations were found in exons 9 and 20, we focused our mutation analysis on these exons in pituitary tumors. For exon 9, the PCR amplification primers used were 5 0 -GATTG-GTTCTTTCCTGTCTC-3 0 (sense) and 5 0 -AATAAA-GAAAAAGAAGCAGAGAATC-3 0 (antisense). PCR was carried out in 50 ml reaction mixture containing 40-80 ng of genomic DNA, 25 mmol/l of each primer, 200 mmol/l deoxynucleotide triphosphates, 1!buffer, and 2.5 units of Hot Star TaqDNA polymerase (TaKaRa, Dalian, China). The mixture was heated for 3 min at 95 8C, followed by 35 cycles of denaturation (30 s at 94 8C), annealing (30 s at 52 8C), and extension (30 s at 72 8C). The PCR products were electrophoresed on 1.2% agarose gels to ensure the integrity before purification and DNA sequencing on an ABI PRISM 3700 DNA Analyser (Applied Biosystems, Foster City, CA, USA) by United Gene Holding Ltd (Shanghai, China). for the second PCR. The cycle numbers for the first and second PCR were 15 and 35 respectively. Nested PCR and automated sequencing for exon 20 used the same reaction conditions as for exon 9. All mutated cases were confirmed by repeated PCR on a new DNA preparation and compared with the matching normal DNA.
Mutation analysis for RAS genes
All invasive tumor DNA were evaluated for point mutations at codons 12, 13, and 61 of K-, H-, and N-RAS by direct DNA sequencing using the same PCR primer and reaction conditions described previously (Garcia-Rostan et al. 2003) . The PCR products were electrophoresed on 1.2% agarose gels to ensure integrity before purification and DNA sequencing on an ABI PRISM 3700 DNA Analyser (Applied Biosystems) by United Gene Holding Ltd. Potential mutations were confirmed by a second round of PCR and sequencing.
Copy number analysis of PIK3CA with real-time quantitative PCR PIK3CA gene amplification was assessed by real-time TaqMan quantitative PCR with primers to genomic sequences and compared with the signal obtained from the reference gene b-actin. Specific primers and probes for PIK3CA and b-actin genes were designed as previously described (Wu et al. 2005) . PCR was carried out with TaqMan PCR Master Mix (Applied Biosystems Inc.) on an ABI Prism 7000 sequence detection system (Perkin-Elmer, Foster City, CA, USA) following the protocol described previously (Mambo et al. 2003) . Samples were run in triplicates, and primers and probes to b-actin were run in parallel to standardize the input DNA. Three normal samples were also used on each assay, and their mean value was used to normalize the data and correct for inter-assay variation (Campbell et al. 2004) . We analyzed copies of PIK3CA and b-actin on PIK3CA and b-actin standard curves derived from normal pituitary tissues respectively. The PIK3CA gene copy number was calculated by dividing its value by the b-actin value. Positive PIK3CA gene amplification was defined as a copy number of R4. We confirmed the validity of our detection system by using serial dilutions of PMD18-T-PIK3CA and PMD18-T-b-actin constructs with 10 2 -10 8 copies/ml DNA.
Immunohistochemistry
Immunohistochemical staining was performed on tissue sections to examine molecular markers of pituitary adenomas and protein expression of PIK3CA and Ki-67. Five micrometer sections of paraffin-embedded tissues containing at least 1 cm 2 of tumor component from each sample were de-waxed and re-hydrated. Endogenous peroxidase activity was inactivated with 3% H 2 O 2 . Antigenicity was retrieved by microwave heating of the samples in 10 mM sodium citrate solution for 5 min. After blocking nonspecific binding sites with 2.5% normal horse serum, the sections were incubated with the monoclonal antibody against PIK3CA (C73F8, Cell Signaling Technologies, Beverly, MA, USA). For other molecular markers of tumor types, monoclonal antibodies used included anti-ACTH (M3501, DakoCytomation Inc., Carpinteria, CA, USA), anti-LH (M3502, DakoCytomation Inc.), anti-TSH (M3503, DakoCytomation Inc.), and anti-FSH (M3504, DakoCytomation Inc.); and polyclonal antibodies included anti-hGH (A0570, DakoCytomation Inc.), anti-prolactin (A0569, DakoCytomation Inc.), and MIB-1 (M7240, Dako). Small nests containing up to 100 cells were identified randomly using high-power (400!) microscopy and cells exhibiting distinctive cytoplasmic immunoreactivity were counted. Sections were counterstained with hematoxylin and evaluated by two pathologists in a blinded fashion, using standard criteria. The immunoreactivity for PIK3CA was evaluated on a semiquantitative scale considering both the percentage of positive cells (score: 0-4 for respectively, !5, 5-20, 20-40, 40-80, O80% ) and the intensity (score: 0-3) of staining (Di Florio et al. 2007) . The product of both yield a final immunostaining score (K, 0;C, 1-4;CC, 5-8; and CCC, 9-12), and K and C were recorded as negative and CC and CCC recorded as positive. The immunostaining score for ACTH, LH, TSH, FSH, hGH, and PRL was determined according to the Dako system scale: negative (K and C) and positive (CC and CCC). The protein expression of Ki-67 was examined by immunohistochemical staining in 91 invasive pituitary tumors. The Ki-67 labeling index (LI) was calculated as the ratio of the labeled over total nuclear areas (Dubois et al. 2007 ).
Statistical analysis
The Pearson c 2 test was used for association studies between PIK3CA mutations, PIK3CA amplification, and tumor invasiveness or recurrence. Associations among PIK3CA mutations, PIK3CA amplification, and RAS mutations in invasive pituitary tumors were 
Results
Among the 353 pituitary tumors analyzed, PIK3CA mutations in exons 9 and 20 were found in 8/353 (2.3%) of the cases. These missense mutations cause amino acid changes in the protein with expected functional consequences. These PIK3CA mutations were found in 8/91 (8.8%) invasive pituitary tumors and 0/262 (0%) noninvasive pituitary tumors (Table 1 ). All invasive pituitary tumors with PIK3CA mutations were macroadenomas. The specific nucleotide change and corresponding amino acid substitution are shown in Fig. 1 . The normal tissues matched for the eight tumors positive for PIK3CA mutations did not harbor any mutation, confirming the somatic nature of these mutations. Stratifying the invasive pituitary tumors according to immunophenotypes revealed similar distribution of the mutations in various types of tumors (PZ0.734), as summarized in Table 1 . Additional three randomly chosen normal pituitary tissues and nine pituitary hyperplasia samples showed no mutations in the PIK3CA gene (Table 1) .
To search for alternative genetic mechanism of the PIK3CA gene that may potentially cause overactivation of the PI3K/AKT signaling pathway in pituitary tumors, we next assessed the PIK3CA copy number by real-time quantitative PCR in pituitary tumors. When a copy number of PIK3CA R4 was defined as a positive amplification, we found PIK3CA amplifications in 69 out of 262 (26.3%) noninvasive tumors, 30 out of 91 (32.9%) invasive tumors, 0 out of 9 (0%) pituitary hyperplasia samples, and 0 out of 11 normal pituitary tissues. There was no significant difference in the distribution of PIK3CA amplifications between the invasive and noninvasive pituitary tumors (PZ0.225; Table 1 ). Similar PIK3CA amplifications were also found in different immunophenotypes of invasive (PZ0.977) and noninvasive (PZ0.953) pituitary tumors (Table 1) .
Immunohistochemical staining was used to test whether PIK3CA gene amplification could cause increased protein expression of this gene. We performed immunohistochemical staining of PIK3CA in i) 20 pituitary tumors with !4 copies of the gene per cell, ii) 99 pituitary tumors with R4 copies per cell, and iii) 3 normal pituitary tissues and 9 pituitary hyperplasia tissues with !4 copies per cell. As summarized in Table 2 , none of the 20 tumors with !4 copies of PIK3CA gene was positive for PIK3CA immunoreactivity, while 26/99 of the tumors with R4 copies of the PIK3CA gene were positive for PIK3CA immunoreactivity and these were mostly those with a copy number of R7. The normal pituitary tissues and pituitary hyperplasia tissues were all negative or only weakly positive for PIK3CA immunoreactivity (Fig. 2) . Overall, PIK3CA gene was significantly more strongly expressed in tumors carrying gene amplification than in those without gene amplification (P!0.05). Expression of PIK3CA in invasive pituitary tumors with gene amplification was similar to that in noninvasive pituitary tumors (PZ0.923) ( Table 2) .
Coexistence of the PIK3CA mutation and amplification was rare; the mutation was seen only in 1/30 (3.3%) invasive pituitary tumors and 0/69 (0%) noninvasive pituitary tumors that harbored PIK3CA amplifications, suggesting a tendency of mutual exclusivity of the two genetic alterations in pituitary tumors (P!0.001). PIK3CA mutations or amplifications were found in 37 out of the 91 (40.7%) invasive pituitary tumors and 69 out of the 262 (26.3%) noninvasive pituitary tumors.
We also examined mutations in the three RAS oncogenes (H-, K-, and N-RAS) in the 91 invasive pituitary tumors and found RAS mutations in 6 out of the 91 (6.6%) cases (Table 3 ). Among the 6 cases with RAS mutations, only 1 also harbored the PIK3CA mutation, and among the 85 cases with wild-type RAS, 7 harbored PIK3CA mutations. There seemed to be a mutual exclusivity between the PIK3CA and RAS mutations, but, probably due to the relatively small number of mutation-positive cases, their relationship could not be reliably concluded. PIK3CA amplifications were found in 0 out of the 5 (0%) cases with RAS In this study, 91 patients with invasive pituitary tumor undergoing microsurgery at the Department of Neurosurgery, Huashan Hospital, Shanghai Medical College, Fudan University were available for postoperative radiological follow-up. Disease recurrence after surgical resection was found in 5 out of the 8 (63%) patients harboring the PIK3CA mutation versus 21 out of the 83 (25%) patients with wild-type PIK3CA gene (PZ0.026). Immunohistochemical analysis for Ki-67 revealed that the invasive pituitary tumors with PIK3CA mutations (nZ8) had a mean Ki-67 LI of 2.796G1.953% and the invasive pituitary tumors without PIK3CA mutations (nZ83) had a mean Ki-67 LI of 2.451G1.426%, showing an insignificant tendency of higher value in the former (PZ0.529).
Discussion
Although genetic alterations are commonly seen in the PI3K/AKT signaling pathway and play an important role in the tumorigenesis and pathogenesis of a large spectrum of human tumors, they have not been well investigated in pituitary tumors. In the present study, we explored these genetic alterations in a large cohort of pituitary tumors by examining the mutations and amplifications in two exons of the PIK3CA gene, which are the most common genetic alterations in the PI3K/AKT pathway in many other human tumors (Samuels & Ericson 2006) . We found relatively frequent mutations of the PIK3CA gene particularly in invasive pituitary tumors in exons 9 and 20, with a distribution pattern similar to those reported in other types of tumor (Broderick et al. 2004 , Velho et al. 2005 . Some of these mutations cause amino acid substitutions of E542K, E545K, and H1047R in the kinase domain of PIK3CA, which represent the three hotspots in this gene in most human cancers (Karakas (Tamura et al. 1999 , Musat et al. 2005 , Tena-Suck et al. 2008 , whereas cell clones containing PIK3CA mutant but not wild-type PIK3CA showed an increased cell invasion ability (Samuels et al. 2005 , Hayes et al. 2006 , Samuels & Ericson 2006 . Activation of the downstream AKT in the PI3K/AKT pathway was also shown to promote cell invasion (Vasko et al. 2004 , Musat et al. 2005 . Previous studies interestingly showed that PIK3CA mutations occurred at the point where benign colorectal tumor cells acquired the ability to invade or contributed to the invasion step from intramucosal carcinoma to invasive carcinoma in colorectal carcinogenesis (Miyaki et al. 2007) . Given these data, our results on PIK3CA mutations in invasive pituitary tumors strongly suggest that these mutations may play an important role in the tumorigenesis and progression of a subgroup of pituitary tumors. Our study demonstrated frequent genetic amplifications of the PIK3CA gene in pituitary tumors. The rare coexistence of PIK3CA amplification and PIK3CA mutation observed in the present study suggests that either genetic alteration may be an independently capable oncogenic event in pituitary tumors. PIK3CA amplifications were similarly seen in invasive and noninvasive pituitary tumors and various immunophenotypes, suggesting that this genetic alteration may be an early event and play a common role in promoting the tumorigenesis and progression of pituitary tumors as seen in other tumors (Woenckhaus et al. 2002 , Miller et al. 2003 , Wu et al. 2005 , Kozaki et al. 2006 . PIK3CA amplification was also shown to be associated with aggressiveness of tumors (Rooney et al. 1999 , Estilo et al. 2003 , suggesting that this genetic alteration may play a different role in different tumors. PIK3CA amplifications were seen to be associated with increased expression of PIK3CA in other cancers (Shayesteh et al. 1999 , Ma et al. 2000 , Massion et al. 2002 , Byun et al. 2003 . Increased PIK3CA expression was previously also observed in pituitary tumors (Grossman & Korbonits 2004) , which can be explained by the PIK3CA amplification observed in the present study. Our present data showed a significant association of PIK3CA expression with the PIK3CA copy gain, particularly in those with a high copy number, a pattern consistent with the findings in lung cancer (Angulo et al. 2008) .
The PIK3CA possesses an RAS binding domain and PI3K is a well-characterized immediate downstream effector of RAS (Garcia-Rostan et al. 2003 , Karakas et al. 2006 . Oncogenic RAS mutation therefore represents another genetic mechanism for aberrant activation of the PI3K/AKT signaling pathway in pituitary tumors (Suhardja et al. 2001) . The occurrence of RAS mutations found in invasive pituitary tumors in the present study is consistent with the previous report of a case of invasive pituitary tumor harboring the RAS mutation (Pei et al. 1994) . The rare coexistence of RAS mutations with PIK3CA amplifications found in the present study is consistent with an independent role of each of these genetic alterations in pituitary tumorigenesis through aberrant activation of the PI3K/AKT pathway. Mutations in PIK3CA and RAS genes have been found to be mutually exclusive in some cancers. However, PIK3CA and RAS mutations coexisted in familial colorectal carcinoma (Velho et al. 2005) , endometrial carcinoma (Fenic et al. 2007) , head and neck squamous cell carcinoma (Murugan et al. 2008) , and anaplastic thyroid cancer (Santarpia et al. 2008) .
In this study, we show a strong tendency but insignificant coexistence of PIK3CA and RAS mutations in invasive pituitary tumors. We found a larger tumor size and a higher recurrence prevalence in invasive pituitary tumors with mutant PIK3CA gene than in invasive pituitary tumors with wild-type PIK3CA gene, consistent with previous reports on the predicting value of PIK3CA mutation for poorer outcomes of other tumors (Kato et al. 2007 , Lai et al. 2008 . The proliferating cell nuclear antigen Ki-67 LI represents a major prognostic indicator for pituitary adenomas (Kontogeorgos 2005 (Kontogeorgos , 2006 . Our study showed that invasive pituitary tumors with PIK3CA mutations were associated with a tendency of higher expression level of Ki-67 LI, indicating increased cell proliferation. Thus, our current results revealed a prognostic value of PIK3CA mutation in pituitary tumors and suggest that patients with PIK3CA mutations in pituitary tumors should be followed more vigilantly.
In summary, we explored genetic alterations in the PIK3CA gene in a large series of pituitary tumors and found relatively common mutations and amplifications of this gene, with the former being preferentially found in invasive tumors and associated with increased cell proliferation and recurrence. The PIK3CA copy gain was associated with increased PIK3CA protein expression. The tendency of mutual exclusivity between PIK3CA amplifications and PIK3CA or RAS mutations suggests their independent oncogenic potentials in pituitary tumors. Thus, the present study provides strong genetic evidence that the PI3K/AKT signaling pathway may play an important role in the tumorigenesis of a subgroup of pituitary tumors.
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